Abstract-This paper proposes the design of optimal and robust coordinated controller of hybrid energy storage system in a naval dc microgrid (MG) application. It is able to mitigate the negative effects of the pulsed power loads and meet the practical limitations of both converters input control and state variables signals based on IEEE standards. To do this, first, the dynamic model of the dc MG, which can represent in either all-electric aircraft or shipboard power systems, is developed. Second, a novel model predictive controller (MPC) for energy storage converters is proposed such that all of the mentioned hard constraints are guaranteed. Third, a linear matrix inequality approach is used to solve the MPC conditions. Finally, to evaluate the applicability and effectiveness of the proposed approach, some experimental tests are extracted. Obtained results verify better performance of the proposed approach over other state-of-the-art control techniques.
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I. INTRODUCTION
R
ECENT developments in the electrification and power electronics technology have made all electric naval power systems (NPS) an attractive potential architecture for future applications. Among different architectures, dc microgrid (MG) type presents highly efficient and reliable power distribution that can be flexibly managed with simple control [1] , [2] . Energy storage systems (ESS) play an important role to improve the reliability and efficiency of the dc MG. In the configuration of the NPSs, several types of loads such as pulsed power loads (PPLs), propulsion loads, ship service loads, and dedicated M. M. Mardani, M. H. Khooban, and T. Dragičević are with the Department of Energy Technology, Aalborg University, 9220 Aalborg, Denmark (e-mail:, mmm@et.aau.dk; kho@et.aau.dk; tdr@et.aau.dk).
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high power loads exist [3] , [4] . Among them, the PPLs such as radars, sonars, and electromagnetic weapons are loads that intermittently draw a large amount of power through a small period of time from the system. Due to the pulse behavior with high power characteristic of the PPLs, these kinds of loads present a very challenging issue for the operation of the system such as voltage deviation, voltage drop, tripping, and even may result in a blackout the whole MG [5] , [6] . The ESSs such as battery and supercapacitor (SC) storages are the essential interface to connect the PPLs to the grid. The battery energy storages are usually used in the dc MG with PPLs to compensate the requirements of the load in the critical conditions [7] , [8] . Although the density of battery storages is relatively high, their volumetric power density is relatively low. The main ways to increase the power capacity of the batteries is to use multiple cells. However, the power-cost tradeoff and current sharing result in nonoptimal battery storages [7] . Thus, battery storages are not capable to compensate the high power created by PPLs as primary power buffers. Due to the low internal resistance, high power density, and cycle life, the SCs have potential to solve the problem of battery storages. Although the energy density of SCs is less than battery storages, the power density of SCs is significantly larger than the battery storages [9] . In order to retain the high energy density beside the high power density, hybrid SCs-battery storages are used. In future NPS, the PPL is connected to the dc-link through the intermittent SCs. In PPL deactivation period, SCs are charged from the NPS with a smooth pattern, and disconnected when SCs are fully charged. During the PPL activation period, the SCs are rapidly discharged. Thus, in NPS with PPL, SCs are used as primary power buffers, while the batteries serve to smooth the SC charging procedures. For compensating the effects of PPLs, Dougal et al. [8] indicated that the hybrid SCs-battery storages have better performance over the single battery storage. The analyses show that the hybrid storages decrease the internal losses, increase the discharging time and lifetime of the ESSs, simultaneously [10] , [11] .
Different kinds of hybrid configurations of the ESS for PPLs are presented in the literature, connecting the SCs in parallel with the battery storages directly to the dc-link, which is wellknown as a passive hybrid storage configuration [8] . The main advantages of the passive configuration are reducing the cost and power losses and easing the implementation. However, connecting the battery and SCs in a parallel configuration results in a limitation of power-sharing between them. Against the passive configuration, if the battery and SCs are connected to the dc-link through the power electronic converters, then the configuration is well known as an active hybrid one. Thus, based on the active configuration, the injected power to the dc-link can be regulated through converters. Gao et al. [12] , [13] showed that utilizing active hybrid storages configuration not only has a greater power capability, but also the lower volume, weight, and current ripple of the ESSs can be guaranteed.
Since the ESSs are connected to the dc-link through the converters, the problem of controlling power electronic interfacing converters is a critical issue to analyze the stability and improve the efficiency of the MG system [12] , [14] - [17] . Additionally, constructing a reliable control scheme plays an important role to govern the interaction between the PPLs and dc power system, and to mitigate the effect of the PPL in dc-link. Mohamed et al. [18] , [19] presented instantaneous power control scheme for hybrid dc storages. The controller is equipped with hysteresis voltage protection on the dc bus. The structure of limit-based voltage control (LBVC) is presented in [18] and [20] . The basic goal of the LBVC is to control the dc bus and charge the SC bank as fast as possible based on the limitations on the power of the converters and the available power of the sources. Gao et al. [12] , [15] , [19] studied a continuous average current control (CACC) method to alleviate the effect of the pulse on the converters and storages. In the CACC technique, the output current of converters is tried to be kept at a constant value. The CACC approach is suitable for the high PPLs cases, which result in a significant disturbance in the dc MG system. Farhadi and Mohammed [21] presented an adaptive current-voltage control scheme. The basic concept of the ACDC is based on adaptive compensator proportional gain and the moving average measurement technique. In the ACDC approach, the current of the converter and voltage of the dc bus are controlled both together. However, Gao et al. [12] , [15] , [18] - [20] have some major drawbacks. First, the limitations on the current of the converters and voltage of the dc-link are only considered in the design procedure. The limitations on the current of the rectifier are not considered. Furthermore, to cope with the overcharging problem of the ESSs, it is necessary to consider the limitation for the voltages of the SCs and battery storages. Second, the control signal of the power converters needs to be inside a predefined region. This issue is not explicitly guaranteed based on the existing methods, but only indirectly, by inserting dedicated limiters within the control loops. Third, through the design procedure, the optimal solution must be obtained such that the hard constraint on the state variables and the control signal are guaranteed. However, the mentioned approaches have not addressed the problem of designing an optimal controller. The model predictive controller (MPC) provides a powerful framework to cope with the problem of applying hard constraints on the state and control variables and handling multivariable cases. Romero-Quete and Canizares [22] studied the problem of energy management for MG systems with renewable energy sources by utilizing an affine arithmetic method. Zou et al. [23] deployed an MPC approach to control linear induction machines. During recent years, designing MPCs for power converters have been a promising control strategy in the literature [24] - [28] . The MPCs, which are widely employed in digital controllers, predict the suitable control signal for converters by minimizing a cost function [24] - [28] . According to the best knowledge of the authors, designing an optimal MPC controller for both battery and SC dc-dc converters to mitigate the effects of the PPLs has not been addressed in the literature, and this is the main contribution of this paper.
This paper designs a simple, robust, optimal, and efficient controller with hard constraints on the state and control signals of dc-dc converters. Straightforward dealing with such hard constraints is possible by utilizing the well-known MPC technique. Unlike the state-of-the-art control methods, the developed procedure has benefits of controlling currents and voltages of the system as well as keeping the output voltages and currents of the MG in a small region around the operation point. Additionally, the SCs are recharged as fast as possible and the robust performance of the system against the PPL is assured. To do this, first, the state-space model of the dc MG system is calculated analytically. Second, the MPC is proposed for dc MG systems with hybrid storages to track the constant reference signals and satisfy the mentioned hard constraints. The obtained MPC convex conditions cannot be solved analytically. Thus, the YALMIP linear matrix inequality (LMI) software in MATLAB is used to find the optimal solutions for the MPC problem. Finally, to evaluate the validity and applicability of the proposed approach, a laboratory scale dc MG is developed. By comparing the experimental results with the conventional energy management methods, the proposed control method can more effectively mitigate the effects of PPLs in the current of the converters, voltage of the dc-link, and current of the grid.
Notations: The following notations are used throughout this paper. R, R n , and R n ×m are the set of real values, n-dimensional vectors, and n × m matrices, respectively. The inequalities M > 0, M < 0, M ≥ 0, and M ≤ 0 for a symmetric matrix M mean that M is positive definite, negative definite, positive semidefinite, and negative semidefinite, respectively. Additionally, the notation diag{N } for a vector N is a diagonal matrix.
II. HARDWARE DESCRIPTION AND DYNAMIC MODELING OF THE DC MG SYSTEM
This section investigates the hardware description and dynamical model of the dc MG in NPSs. As shown in Fig. 1 , the dc MG usually consists of the land power interface, power generation, ESSs, loads, energy management control, and system protection. The aim of each part is described as follows [3] , [4] .
1) The land power interference is stepping up or down and converting the ac voltage to the level of the dc-link through a rectifier unit. 2) The power generator, which generates the power from the fuel, is the main supplier part of the NPS.
3) The ESSs are usually used to compensate the fluctuations in the dc-link, which are obtained from step loads such as loss of a generator or PPLs. 4) The loads in NPS consist of a PPL, propulsion, ship service, and dedicated high power loads. 5) The energy management control system is a decentralized or centralized power management control, which communicates with the major loads and all of the sources. The goal of the control unit is to optimize the operation of the system according to some predetermined criteria. 6) The system protection is necessary to protect the ac and dc parts against faults. In dc NPSs, the protection is obtained by deploying the combination of converter control and other dc circuit breakers. Fig. 1 illustrates the overall scheme of the dc MG system under study with PPL and hybrid storages. In Fig. 1 , the ESSs are connected to the dc-link by the concept of active hybrid configuration.
A. Hardware Description
As shown in Fig. 1 , the main power supplier of the dc MG is the three-phase synchronous generator. The ac side is connected to the dc-link through the uncontrolled rectifier unit. Furthermore, the emulation of the voltage drop that appears in the dc-link is modeled by R MG and L MG .
The ESSs in the proposed dc MG is the SC and the battery bank, which are connected to the dc-link through the buck and bidirectional buck-boost converters, respectively [29] . The battery bank can provide a longer-term support for the dc-link voltage in critical situations such as an island or highly loaded conditions. Additionally, the battery storage is charged in the normal conditions. Furthermore, the PPLs of the NPS are connected to the dclink in pair with power buffers. In this paper, the intermittent power buffer takes the form of SC bank. The SC is first charged from the dc-link and then disconnected. Then, it gets rapidly discharged when the pulse is activated. In the following, the state-space model of the dc MG system for the NPS is obtained. The Delta Elektronika dc power supplies have been used to emulate batteries and SCs. In the following, the state-space model of the dc MG system for the NPS is obtained.
B. Dynamic Model of the ESS
In this paper, we consider the lithium-ion battery model, see Fig. 2 (a) [30] - [32] . Over the state-of-the-art battery models, the Thevenin model is one of the popular and appropriate ways to model a lithium-ion battery [30] - [32] . In Fig. 2(a) , R p and C p are the polarization resistance and capacitance, respectively. I b is the load current. The state of charge of the battery is defined as follows [30] - [32] :
where the nominal capacity of the battery is indicated by C ESS . The time derivatives of (1) results in Fig. 2 illustrates the overall model of the battery storage. By considering the average model of the bidirectional buck-boost converter and the Thevenin model of the lithium-ion battery [see Fig. 2(a) ], the state-space model of the ESS can be calculated as follows [32] :
where the V E , V P , V DC , V oc , and I LB are the ideal voltage source, battery over-voltage, dc-link voltage, open-circuit voltage, and inductor current, respectively. Fig. 3 shows the details for connecting the PPL to the dclink, whereas the PPL suddenly demands or rejects a very high power, the quick response ESS such as SC bank is vital to use. The PPL average dynamic model is described via the following state-space model [33] :
C. Dynamic Model of PPL and DC Voltage Source
C SC dV C S C dt = − PPL(t) V S C + I SC L SC dI S C dt = −V SC + V DC s 2 − I SC R SC .(4)
D. Dynamic Modeling of the Main Supplier of the DC Grid
Fig . 4 illustrates the model and connection structure of the main supplier to the dc-link. Based on Fig. 4 , the dc voltage source can be represented as follows:
where the grid current is I MG .
E. Overall State-Space Model of a DC MG
T ∈ R 7 . By considering the PPL as an unknown disturbance (i.e., d (t) = PPL(t)), the overall statespace model of the dc MG in Fig. 1 can be calculated by utilizing (3), (4), and (5)
Employing the Jacobian linearization method [34] , the nonlinear system (6) can be linearized around the operating point
where
, and d(t) are the system input, state variables, output vectors, and disturbance input, respectively.Â ∈ R 8×8 ,B ∈ R 8×2 ,D ∈ R 8 , and C ∈ R 5×8 are known constant matriceŝ
where I a and a are the identical matrix and its corresponding dimension, respectively. Additionally,
Employing the Euler discretization technique, we consider T as a sampling time. Then, the continuous-time system (7) is converted to the following discrete model:
where A ∈ R n ×n , B ∈ R n ×m , C ∈ R q ×n , and D ∈ R n ×p are known constant system matrices with suitable dimension.
Remark 1: One of the conventional and simple ways to cope with nonlinear systems is to linearize the nonlinear system around its operating point within each sampling period and then utilizing linear MPC approach. If the operating point of the nonlinear system is constant, then linearizing algorithm can be done only for one time. It must be noted that the linearized model is deployed for prediction algorithm; however, the designed controller is applied to the nonlinear system [35] . Fig. 1 shows the specific structure, which maximizes the performance and operation capability of the NPS even in the extremely critical conditions [3] , [4] . Based on the guidelines of the IEEE recommendation for the dc electrical power system, the following limitations on the state variables are suggested to be considered through a design procedure [3] , [4] . These constraints guarantee the quality of power and service for the NPS. All the devices in the dc NPS such as loads, storages, and generators are usually connected to the dc-link through dc-dc, ac-dc, or dc-ac converters. Using the converters result in easing the connection of different size of ESSs, loads, and generator. Additionally, the fault currents will be limited by utilizing active configuration. The following limitations are extracted from IEEE standard for the dc power system [3] , [4] . 1) In this paper, the ac grid is connected to the dc-link by deploying uncontrolled rectifier unit. For the uncontrollable rectifiers, utilizing the semiconductor fuses or current limiting devices is necessary. 2) It needs to be ensured that the steady-state voltage of the dc-link remains within the tolerable bound [3] , [4] . 3) Due to the converters current limitation, some overcurrent type protections are necessary. 4) The voltage of the SCs must be set in a relatively constant and large value to compensate the effect of the high power of the PPL. 5) The converters are controlled by switching ON-OFF signal controller, which is generated by pulsewidth modulator (PWM). The input signal of the PWM must be bounded between zero and one. As shown in Fig. 1 , in this paper, the uncontrolled rectifier current is illustrated by I MG , which is the main supplier of the dc MG. The voltage of the dc-link is denoted by V DC . The converter currents are indicated by I LB and I SC . The SC voltage is described by V SC . In the proposed approach, all of the mentioned hard constraints on the control signal and state variables are considered.
III. PRACTICAL LIMITATIONS
IV. CONSTRAINT MPC
The MPC has been extensively used in industrial applications to solve the constrained control problems. The problem of designing an MPC is to solve a constraint optimization problem, which is obtained from an open-loop model with the sequence of control actions called control horizon [36] . In the MPC optimization problem, the evolutions of the state variables and control signal over a period of time named prediction horizon are computed. In each time instance, the constrained optimization problem is solved and only the first obtained control signal is implemented to the system. This kind of control is wellknown as receding horizon control. Since the structure of the optimization problem in the MPC can be converted to the convex structure, the LMI approach can be used to numerically solve the constraint MPC conditions.
Remark 2: The MPC method usually has several advantages over other existent control techniques. Some of them are described as follows [35] .
1) The multivariable cases and multi-input multioutput systems can be investigated through the MPC approach.
2) Hard constraints on the amplitude of the input and output signals can be considered.
3) The MPC approach can be deployed for controlling variety of processes, which are described by linear or nonlinear systems including delay, uncertainty, and/or disturbances. 4) It is relatively easy to experimentally implement the MPC in real-world applications. Next, the future output vectors are predicted and deployed in the optimization procedure. We consider the discrete-time system (8) . Due to the absence of the exact value of disturbance, the disturbance is not considered through the design procedure. Based on (8) , the prediction of the output variables among the horizon N can be calculated as follows:
Utilizing (9), one can conclude
. . .
In order to investigate the performance of the system, defining a mathematical expression as a performance index, or cost function is required. When the objective function is minimized, then it means that the system is operated in its desired conditions. One of the ways to predict the controller based on the MPC approach is to minimize the following objective function:
where P and Q are known positive matrices, which are the weighting matrices. The reference signal is denoted by w(k). Minimizing the objective function (11) can be obtained by utilizing the following inequality:
Minimize γ such that
where the performance index γ is a positive definite function, which has to be minimized through the optimization problem [37] . The objective function (12) is not convex. In order to convert the condition (12) to the convex structure, the following fruitful lemma is deployed. [38] : Consider an affine function F , which is partitioned as follows:
Lemma 1 (Schur complement)
Then, F < 0 is satisfied if and only if one of the following inequalities are satisfied:
The objective function (12) is minimized if there exist any decision matrix variable K(k) such that the following convex optimization problem with LMI constraints is satisfied:
is obtained from the first m entries rows of matrix U . The obtained control signal not only tries to maintain the output variables at the constant value, but also minimizes the performance index γ. Furthermore, some constraints on the amplitudes of the output and control signals are guaranteed to be inside a prechosen region, which is defined by U max , U min , Y max , and Y min .
Proof: Substituting (10) into (12), one has
Equation (15) can be rewritten in the following form:
By employing Lemma 1, the bilinear matrix inequality condition (16) is converted to the LMI ones as follows:
Additionally, the constraints on the amplitude of the output and control signals are considered as follows:
However, constraints (18) are not convex. In order to convert the nonconvex conditions to the convex ones, representing the conditions (18) in a diagonal structure. Thus, the inequalities (18) are converted to the LMI and the proof is completed. Remark 3: More complicated types of MPC approaches such as the LPV-MPC or the nonlinear MPC, which have several advantages such as improving the accuracy of the model, are presented in the literature.
These methods usually need to solve a typically nonconvex, and large dynamic optimization problem, which requires large amount of computational effort and time. We have to notice that from a practical point of view, the computational speed is an essential issue. Apart from the MPC approach, the control signals of the converters for the proposed dc MG need small sampling period and consequently high computation speed [39] . However, in linear MPC approaches, the optimal control problem can be presented in a convex quadratic programing structure and then solved through the quadratic programing solvers. One can conclude that the linear MPC, which is well-known for its outstanding speeds, construct a simple and compatible structure for controlling the proposed dc MG system [40] .
Remark 4: This paper proposes a simple, robust, systematic, and effective approach to mitigate the destructive effects of the PPL. The PPL has a challenging effect on the NPSs. By reviewing the literature, one can conclude that designing the suitable controller for the dynamic dc MG in the NPS in the presence of PPL is rarely studied. The main reason is that the dc MG s with PPLs need to respect several constraints on the amplitude of output and input signals, which makes the design using standard linear control techniques not possible. This paper fills this knowledge gap by combining the MPC and LMI, thus deploying a control method, which brings about voltage drop as small as possible. Additionally, tracking the reference value is one of the other important issues. However, the existing results cannot assure the desired performance. To sum up, the main contributions of this paper can be classified as follows.
1) For the first time, the mathematical dynamic model of the NPS with PPLs is introduced. 2) Hard constraints on the amplitude of the signals such as the currents of the converters and rectifiers and the voltages of the SC and dc-link are explicitly taken into account. 3) Suitable control signal for PWM (i.e., 0 < u(t) < 1) is designed. In other word, hard constraints are introduced on the amplitude of the signal control. 4) Proposing an MPC for the dc MG NPSs such that both dc-dc converters (for SC and battery) are controlled simultaneously. 5) The suggested control method is experimentally implemented and examined for the dc MG system in NPSs.
V. EXPERIMENTAL RESULTS AND COMPARISON
In this section, the performance of the proposed MPC for NPSs is experimentally investigated and compared with the newly published papers on energy control methods. The overall configuration of the experimental setup is presented in Fig. 5 . The constraint MPC, which includes reference tracking of the output variables, converter control, constraints on the input and the output variables, and energy storage control, is simulated by MATLAB software. In this regard, a core i5, 2.7 GHz, 8 Gb RAM personal computer is employed. The hybrid dc MG system with single PPL, which is illustrated in Fig. 1 , is implemented. Next, the MPC controller is applied to the dc MG system. The efficiency of the proposed approach is clearly indicated by comparing the results with the newly published control methods [15] , [18] - [21] . In this experimental test, the PPL was a constant 2 KW with the duty cycle and the frequency of the PPL are considered to be 20% and 0.2 Hz, respectively. The PPL signal is depicted in Fig. 6 . The impedances R MG and L MG are considered to be 0.1 Ω and 3 mH, respectively. In the SC side, the SC and inductor are considered to be C SC = 0.1 F , and L SC = 3 mH, respectively. Based on the selected parameter values, the experimental setup is designed and the effect of the PPL as a disturbance is investigated. In the battery side, the capacitor and the inductor are assumed to be, L B = 3 mH and C B = 680 μF. Apart from the parameter values, the operating points and output references are considered to be ⎡
, and
in which the output signals guarantee the following upper and lower bounds through the designing procedure:
Then, apart from the mentioned constraint on the output signal, the constraint 0 ≤ u(t) ≤ 1 on the amplitude of input signals is considered. The prediction horizon and the sampling period T in MPC are considered to be 4 and 1 ms, respectively. In addition, the weighting matrices P and Q in objective function (12) are defined such that 1) the state variables satisfy the dimensionless condition and 2) the importance of each output variable is considered. Thus, matrices P and Q are considered to be where ⊗ denotes the Kronecker product. Now by applying the optimization algorithm presented in Theorem 1, the state feedback control gain matrices for each sampling period is calculated. The optimization problem is performed within YALMIP toolbox in MATLAB environment [41] . Next, the control law is built with MATLAB/Simulink software and experimentally implemented on the setup dSPACE 1202. The setup contains DS 1302 I/O board from dSPACE, Semikron Power Electronics Teaching Unit, and Micro Lab Box DS1202 PowerPC DualCore 2 GHz Processor board. Finally, the control signal is applied to the implemented dc MG system. The evolutions of the output variables based on the proposed MPC approach are illustrated in Fig. 7 with the blue lines.
In order to clearly indicate the better performance of the proposed approach, a comparison results with newly published control methods is presented. Thus, the authors use the control scheme presented in [21] adopted for the PPL system of this paper. Based on the control approach [21] , the evolutions of the output variables are calculated and illustrated in Fig. 7 with the green lines. The dc-link voltage is depicted in Fig. 7(a) . Based on the control method [21] , the dc-link voltage is dropped. However, the proposed control method can compensate the effect of PPL and track the reference value of the dc-link voltage. Fig. 7(b) illustrates the current of the bidirectional buck-boost converter. As can be seen from Fig. 7(c) , the SC is discharged and charge during pulsed ON and OFF times, respectively. Based on the proposed control method, the SCs can charge as fast as possible. Furthermore, the voltage of the SC tracks the reference value. However, in [21] the SCs in the pulsed off times cannot be charged. Thus, by increasing the time, the voltage of the SC reduced and the SC storage encountered with the overdischarging problem. This issue comes from the slow response of the approach [21] . The evolutions of the SC current are illustrated in Fig. 7(d) . Fig. 7(e) illustrates the evolutions of the grid current. As can be seen, the generator must inject a larger amount of current to compensate the slow response of the [21] . As mentioned in the practical limitation part, this issue results in a destructive effect on the rectifier unit. However, the proposed approach holds the current of the rectifier in the predefined bounded.
Additionally, it is observed that both of the approaches can compensate the effect of the PPL. However, the proposed approach has several advantages in comparison with [21] . First, the transient response such as settling time of the proposed approach is significantly better. This issue results in charging the SCs as fast as possible. Second, in the steady-state conditions, the output variables are converged to the defined reference signals presented in (19) . However, Farhadi and Mohammed [21] cannot track the reference signal and the deviation is large. The two and the infinity norm of the error signal between output signals and their corresponding reference signals are investigated in Table I . The remarkable improvement of the proposed MPC approach over the control method [21] is clearly shown in Table II . Third, all of the limitations presented in Section III are considered through design procedure. Last but not least, the proposed control topology is designed such that both of the converters in Fig. 1 are controlled simultaneously.
Remark 5: In the proposed approach, the load transient response is treated as a disturbance in the system [21] . As shown in Fig. 7 , the transient response of the system during both pulse ON and OFF times is significantly improved compared to the control approach [21] . The proposed controller suitably adjusts the converters such that the effects of the PPL disturbance are mitigated and the reference signals are suitably tracked during pulse ON and OFF times, respectively. However, due to the slow transient response of the control approach [21] , the error between output and reference signals are increased. Thus, one can conclude that the settling time of the proposed approach is less than the control approach [21] .
VI. CONCLUSION
As illustrated in experimental results, we can conclude that the effect of the PPL can be mitigated through the proposed energy management approach. The concept of the proposed energy management control was to control all the converters simultaneously by utilizing a multi-input multioutput MPC approach. The input variables were the control signal of the converters and the output variables were the currents of the converters and rectifier, and the voltages of the dc-link and SCs. According to the standards of the IEEE, there exist some limitations on the input and output variables. By utilizing the MPC technique, applying hard constraints on the control and output signals is possible. The MPC conditions were achieved in terms of LMI. Then, by solving an LMI minimization problem, the optimal controller was obtained. By applying the controller to the dc MG system, we can conclude that both the transient and steady-state performances of the proposed approach were significantly better in comparison with the state-of-the-art control methods.
